Humid Air as the Desorption Gas: Hajime HORI, et al. Department of Environmental Management, School of Health Sciences, University of Occupational and Environmental HealthObjectives: Thermal reconditioning characteristics of organic vapors from a respirator cartridge were studied by introducing humid air into a cartridge that had adsorbed organic vapors in order to develop a thermal reconditioning method. Methods: Five different organic vapors (methanol, 2-propanol, acetone, dichloromethane and methyl acetate), most of which have relatively weak adsorption affinity to charcoal, were used in this study. Adsorption was carried out at a temperature of 25°C. The relative humidity of the adsorption air with organic vapor was 50%. When the vapor concentration in the downstream of the respirator exceeded the breakthrough concentration, that is, the occupational exposure limits in Japan, the vapor supply was stopped. Then, desorption was started by introducing clean humid air from opposite side of the cartridge under a heated condition. When the desorbed vapor concentration fell below the limit of quantification, desorption process was ended and the next adsorption cycle was started after the temperature had returned to room temperature. This adsorption -desorption cycle was repeated more than three times. The desorption temperature was 65°C and the relative humidity of desorption air was 20%, 50% or 70% at 25°C. Results: When the relative humidity was 20%, the breakthrough times of regenerated cartridges were shorter than that of a new one, but no difference was observed in the breakthrough curves when the relative humidity was greater than 50%. Conclusion: The results suggest that the thermal reconditioning of respirator cartridges using humid air is possible for these vapors. (J Occup Health 2010; 52: 125-131) 
In air purifying respirators for organic vapors, cartridges or canisters packed with activated carbon or charcoal are widely used in work environments. Charcoal generally has a strong adsorption affinity to many organic compounds, but breakthrough time or breakthrough volume depends on the vapor. In general, non-polar compounds, such as toluene and xylene, have strong adsorption affinity to charcoal, but for polar and/or highly volatile compounds, the adsorption affinity to charcoal is generally weak. In particular, the breakthrough volume for methanol is extremely small 1) . In workplaces where workers can be exposed to such vapors, the workers may use respirators, and in some instances, they must exchange the cartridge frequently in order to avoid exposure to such vapors. Used cartridges are usually disposed of as industrial waste, which is an issue from the viewpoints of economy and the environment.
To solve these problems, we have been studying a thermal reconditioning method for used cartridges that had adsorbed organic vapors. In previous papers 2, 3) , a respirator that adsorbed methanol, acetone, methyl acetate, dichloromethane or 2-propanol could be reconditioned by introducing heated air into the cartridge at the flow rate of 20 l/min and desorption temperature of 65°C. In those studies, we confirmed that the breakthrough time of the reconditioned cartridge was generally shorter than that of a new one. The reason for this may have been that adsorbed vapors in the cartridge do not desorb perfectly and part of the adsorbed vapor remains in the cartridge after the reconditioning process.
Humid air should be at promoting desorption of adsorbed vapors, because part of the adsorbed vapor may be replaced by water vapor and desorbed from the cartridge. In this study, we investigated the effects of the relative humidity of desorption air on the breakthrough time of reconditioned cartridge when adsorption and thermal desorption were repeated.
Materials and Methods
The experimental apparatus was the same as that described in a previous paper 3) . Five organic vapors, methanol, 2-propanol, acetone, dichloromethane and methyl acetate vapor, most of which have relatively weak adsorption affinity to charcoal, were individually used as test vapors. Vapor was obtained by introducing air into a bubbler containing liquid solvent installed in a thermostatic water bath. In general, the adsorption study was carried out at the vapor concentration of 1,000 ppm, which is the maximum concentration for this small type of cartridge, but a higher concentration study was also carried out to investigate more exacting conditions.
In the adsorption cycle, the generated vapor was diluted with clean air adjusted for relative humidity before being introduced into a respirator cartridge for organic vapors (Shigematsu Works, Japan, CA-104NII/OV) at flow rate of 20 l/min. The cartridge was packed with charcoal particles (coconut shell based activated carbon, surface area: 1,635 m 2 /g, volume: 100 ml) and fixed in a cartridge holder made of Teflon. Air was sampled from a sampling port located downstream of the respirator and fed into an auto gas sampler (GL Science, Japan, GS-5000A) every 2 min. The breakthrough curves were obtained by measuring vapor concentration using a gas chromatograph (GC) equipped with a flame ionization detector (Shimadzu, Japan, GC-17A). When the outlet vapor concentration exceeded its breakthrough point, the occupational exposure limit (OEL) in Japan 4) , the vapor supply was stopped, and desorption was started. In the desorption cycle, the adsorbed vapor was desorbed by heating the cartridge holder with a ribbon heater surrounding the holder and introducing desorption air from the opposite side of the cartridge at the same flow rate. Desorption curves were obtained by measuring the desorbed vapor concentration every 2 to 10 min, depending on desorption period. The desorption temperature was measured at the center of the holder by a thermocouple inserted in the cartridge holder and was kept by a temperature controller within ± 0.5°C of the target temperature. When desorption was almost complete, that is, when the desorbed vapor concentration fell below a quantification limit, the holder was cooled to room temperature. This adsorption -desorption cycle was repeated at least three times for one cartridge. Desorption periods were 60 min for methanol, 130 min for dichloromethane, 180 min for acetone, and 200 min for methyl acetate and 2-propanol. These desorption periods were determined as the time when the desorbed vapor concentrations fell below detection limits reported in previous papers 2, 3) and this study. Adsorption and desorption temperatures were 25°C and 65°C, respectively. The relative humidity of adsorption air was 50% and that of desorption air was 20%, 50% and 70% at 25°C. All organic solvents were reagent grade (Waco Chemical, Japan). Figure 1 shows breakthrough curves and desorption curves for methyl acetate. The adsorption-desorption cycle was repeated three times when the relative humidity of desorption air was 50%. Both curves did not change significantly even when the adsorption -desorption cycle was repeated. Figure 2 shows changes in the breakthrough curves of acetone when the adsorption-desorption cycle was repeated three times. The relative humidity of adsorption air was 50% and that of desorption air was 20%, 50% and 70% for (a), (b) and (c), respectively. When the relative humidity of desorption air was 20%, the breakthrough time of reconditioned cartridge was shorter than that of the new one. However, when the relative humidity of desorption air was 50%, the breakthrough time was almost the same when adsorption and desorption were repeated. This tendency was also seen when the relative humidity of desorption air was 70%.
Results

Breakthrough curves and desorption curves
Figures 3 to 5 show examples of breakthrough curves of methanol, acetone, 2-propanol and dichloromethane, when the relative humidity of desorption air was 50%. In all cases, breakthrough curves were almost the same when the adsorption-desorption cycle was repeated more than three times. In most cases, however, the adsorbed amount decreased when the relative humidity was 20% 4) . Table 1 shows the adsorbed and desorbed amounts of five organic vapors calculated from breakthrough curves, challenge vapor concentration, desorption curves and air flow rate, when the relative humidity of desorption air was 50%. A schematic diagram of calculation method of adsorbed amount and desorbed amount is shown in Fig.  6 . The adsorbed amount and desorbed amount were calculated by following equations.
Adsorbed and desorbed amount
(1) (2) where, W ads and W des are the adsorbed amount and desorbed amount (mg), respectively, Q is the air flow rate (l/min), M is the molecular weight, C in is the challenge vapor concentration (ppm), t ads is the adsorption period (min), C i is the concentration of the i-th breakthrough sample determined by the GC from the beginning of adsorption (ppm), C j is the concentration of the j-th desorbed sample determined by the GC from the beginning of desorption (ppm), and ∆t a and ∆t d are the sampling intervals of the adsorption process and the desorption process (min), respectively.
The adsorbed amount tended to be greater than the desorbed amount, and the difference was significant for methyl acetate (1,000 ppm), acetone (2,100 ppm) and dichloromethane (1,000 ppm and 2,100 ppm), although the breakthrough time did not change significantly even when the adsorption-desorption cycle was repeated. On the other hand, there were no significant difference for methanol and 2-propanol. When the relative humidity was 20%, breakthrough times of the reconditioned cartridge became shorter as shown in Fig. 2 ; therefore, the adsorbed amounts decreased with increasing number of adsorption-desorption cycles. Such a tendency was not observed when the relative humidity was 50% or 70%. Table 2 compares the adsorbed and desorbed amounts of methanol in each adsorption-desorption cycle. The adsorbed amount tended to increase with increasing numbers of adsorption-desorption cycle, but the increases were not significant.
Discussion
The adsorption of organic vapors to charcoal occurs mainly through physical adsorption. Thus, the equilibrated adsorbed amount, that is, the adsorption capacity, depends on the adsorption isotherm. In physical adsorption, the adsorption capacity decreases with increasing temperature. Therefore, vapors that are adsorbed in a cartridge at low temperature must be partially desorbed by heating. The adsorption capacity depends on vapor concentration, relative humidity, the existence of other compounds and so on, and the breakthrough time is reduced by co-solvents. When two or more kinds of vapors were mixed and introduced into a charcoal bed, the vapors did not begin breakthrough simultaneously, rather the weakest adsorption affinity component began breakthrough first [5] [6] [7] . The reason for this is, that in a two-component model at the beginning of adsorption, the stronger adsorption affinity component (component A) is adsorbed near the entrance of the cartridge, and the weaker adsorption affinity component It is well known that breakthrough times of cartridges and canisters for organic vapor masks are shorter when relative humidity is high 8, 9) . The reason for this is that the adsorption capacity for organic vapors decreases because water vapor is also adsorbed simultaneously. This suggests that, by introducing humid air into the cartridge, the organic vapor that was already adsorbed in the cartridge would be displaced by the water vapor in air, thereby promoting the thermal organic vapor should be desorbed from the cartridge.
In this study, the breakthrough time of reconditioned cartridges tended to decrease when the relative humidity of desorption air was 20%, but a reduction in breakthrough time was not observed when relative humidity was 50% or 70%. When the relative humidity of desorption air is low, displacement of adsorbed organic vapor by water vapor does not satisfactorily progress because the amount of water vapor in the desorption air is small. As a result, adsorbed organic vapor remains in the cartridge, and the breakthrough time of the regenerated cartridge becomes shorter than that of the first adsorption. On the other hand, when the relative humidity in desorption air is high, displacement of organic vapor by water vapor progresses because large amounts of water vapor are present in the desorption air. In this study, cartridges that had adsorbed organic vapors could be reconditioned when the desorption temperature was 65°C and the relative humidity was 50% or greater. Among the five solvents used, 2-propanol has the strongest adsorption affinity to charcoal and the largest breakthrough volume. Thus, it is likely that 2-propanol would be the most difficult solvent to desorb from charcoal, and the reduction of breakthrough time by reconditioning was the most remarkable when dry air was used for the process 4) . However, a reduction of breakthrough time was not observed when the adsorptiondesorption cycle was repeated up to three times, indicating that reconditioning of the cartridge was possible even though it needed a long desorption time. The results of the present study show that cartridges could be reconditioned for the five solvents used by using desorption air with a relative humidity of 50% or more at 25°C when the desorption temperature was 65°C.
When we use humid air as a desorption gas, adsorption of water vapor may adversely affect the breakthrough times of reconditioned cartridges, but in the present study, reductions in breakthrough times due to water vapor were not observed. One reason for this may be that a relative humidity of 50% at 25°C constitutes about 0.01 kg/kg-dry air, which is equivalent to only 6-7% of relative humidity at 65°C. In general, the reduction of breakthrough time is remarkable at higher relative humidities. However, the equivalent value of 50% relative humidity at 25°C is not so high at a temperature of 65°C, therefore, the adsorption of water vapor did not affect the breakthrough curves of organic vapors remarkably. Although the effect of water vapor on the breakthrough time was small, it may be better to dry cartridges by introducing dry air into the cartridge at the end of thermal reconditioning, because small amounts of water vapor will be adsorbed in the cartridge.
If a respirator cartridge is reconditioned satisfactorily, the adsorbed and desorbed amounts of vapor should be the same and these values should be independent of the adsorption-desorption cycle. However, if the adsorbed amount of vapor decreases in reconditioning or the adsorbed amount is greater than the desorbed amount, a part of adsorbed vapor remains and is accumulated in the cartridge. In this study, the adsorbed amount was almost the same or greater than the desorbed amount. This suggests that the solvent was desorbed from the cartridge perfectly, but the reason why the adsorbed amount was greater than the desorbed amount although the breakthrough time was almost the same is not clear. Some possible explanations are; 1) vapor molecules reacted with activated carbon and were converted to inorganic gases; 2) vapor molecules were chemically adsorbed on the charcoal; and/or 3) the desorbed amount was underestimated because sampling was carried out intermittently. In particular, the desorbed vapor concentration at the beginning of desorption changed very rapidly (Fig. 1) and it is possible that the peak concentration of the desorbed vapor could not be monitored satisfactorily because the sampling was carried out intermittently rather than continuously (Fig. 6) . If this were the case, the desorbed amount would have been underestimated, which is consistent with the experimental results presented in Tables 1 and 2 .
The results of this study indicate that the respirator cartridges can be reconditioned for five organic solvent vapors by introducing heated air into a used cartridge. However, the breakthrough times for methanol and dichloromethane, which have relatively weak adsorption affinities to charcoal, are essentially so short 10) that cartridges would need to be exchanged frequently. A respirator cartridge for methanol has been developed 11) , so a cartridge specifically designed for methanol vapor can be used in workplaces where methanol vapor is emitted. If vapor concentrations in the work environment are extremely high, the use of supplied air respirators, such as, airline masks or hose masks, are strongly recommended instead of air purifying respirators.
Conclusion
Respirator cartridges that had adsorbed an organic vapors, methanol, acetone, dichloromethane, 2-propanol or methyl acetate, could be reconditioned satisfactorily using humid air (relative humidity: 50% or greater at 25°C) as a desorption gas which the cartridge was heated to 65°C. However, all the solvents used in this study were easy to desorb from cartridges because most of them have weak adsorption affinity to activated charcoal. In work environments, however, various organic solvents are used not only as single components but also as mixed solvents including low volatility components such as thinners. Therefore, reconditioning of respirator cartridges for mixed organic vapors should be investigated in the near future.
